1. As shown by a double-radioisotope technique in vivo, at a non-lethal dose of cycloheximide, a stimulation of nuclear RNA synthesis occurred by 12 h after the treatment; the stimulation lasted over 48 h. Analysis of radioactive nuclear RNA by gel electrophoresis demonstrated that most of the cycloheximide-stimulated synthesis could be accounted for by known rRNA precursors (45 S,41 S, 32S and 28 S). 2. During the inhibitory phase of protein synthesis, 2h after cycloheximide treatment, synthesis of the poly(A)-containing mRNA isolated from the cytoplasmic ribonucleoprotein complexes with an oligo(dT)-ellulose column was stimulated, whereas the synthesis of rRNA was slightly inhibited. However, during the stimulatory phase of protein synthesis, 24h after cycloheximide treatment, the syntheses of both poly(A)-containing mRNA and rRNA were enhanced. 3. Kinetic studies revealed that the newly synthesized RNA species were transported from the nuclei, integrated into the ribonucleoprotein complexes, and associated with both free and membrane-bound polyribosomes. 4. These data corroborate our proposal that the stimulated protein synthesis after cycloheximide administration involves gene transcription.
1. As shown by a double-radioisotope technique in vivo, at a non-lethal dose of cycloheximide, a stimulation of nuclear RNA synthesis occurred by 12 h after the treatment; the stimulation lasted over 48 h. Analysis of radioactive nuclear RNA by gel electrophoresis demonstrated that most of the cycloheximide-stimulated synthesis could be accounted for by known rRNA precursors (45 S,41 S, 32S and 28 S) . 2. During the inhibitory phase of protein synthesis, 2h after cycloheximide treatment, synthesis of the poly(A)-containing mRNA isolated from the cytoplasmic ribonucleoprotein complexes with an oligo(dT)-ellulose column was stimulated, whereas the synthesis of rRNA was slightly inhibited. However, during the stimulatory phase of protein synthesis, 24h after cycloheximide treatment, the syntheses of both poly(A)-containing mRNA and rRNA were enhanced. 3. Kinetic studies revealed that the newly synthesized RNA species were transported from the nuclei, integrated into the ribonucleoprotein complexes, and associated with both free and membrane-bound polyribosomes. 4. These data corroborate our proposal that the stimulated protein synthesis after cycloheximide administration involves gene transcription.
Co-ordination of protein synthesis and RNA synthesis has been a problem of continuing interest over the last decade. By using rapidly growing mammalian cells in tissue culture, changes in the synthesis and processing of rRNA and ribosome maturation have been observed after inhibition of protein synthesis by cycloheximide (Ennis, 1966; Willems et al., 1969; Craig & Perry, 1970; Willis et al., 1974; Chesterton et al., 1975) . Muramatsu et al. (1970) used lethal doses of cycloheximide (>2.7mg/kg body wt.) to extend the observations from the tissue-culture systems to intact rats. Incorporation in vivo oflabelled orotate into nucleolar and nucleoplasmic RNA was inhibited by cycloheximide (10-20mg/kg) within 3 h of the injection of the antibiotic. Higashinakagawa & Muramatsu (1972) demonstrated that cycloheximide in vitro (200-10OOug/assay) had no effect on the activities of nuclear RNA polymerases I and II, andconcluded that the inhibition of nRNA synthesis was not the result of direct action of cycloheximide on the enzymes, but probably was mediated in some way by the cessation of protein biosynthesis. By using similar doses of cycloheximide (up to 30mg/kg) in vivo, Yu & Feigelson (1972) suggested that the observed inhibition of rRNA synthesis was due to the diminution of * Present address: Department of Health Sciences, East Tennessee State University, Johnson City, TN 37610, U.S.A. Vol. 168 nuclear RNA polymerase I activity in vivo mediated by a protein with a short half-life. Farber & Farmer (1973) , however, reported that nRNA synthesis in vivo was unaffected by non-lethal doses of cycloheximide, but was inhibited by lethal doses. They concluded that the inhibition of RNA synthesis caused by lethal doses of cycloheximide may be a direct effect rather than the consequence ofthe inhibition of protein synthesis. To elucidate the mechanism involved in the observed stimulation of liver protein synthesis after cycloheximide treatment (Ch'ih & Devlin, 1974; Rothblum et al., 1976; Ch'ih et al., 1977) , we investigated the synthesis of various RNA species in rat liver during the inhibited and stimulated phases of protein synthesis in vivo after administration of a non-lethal dose of cycloheximide.
We report here evidence suggesting that the adaptive mechanism of protein synthesis during and after inhibition of protein synthesis not only involves the translational event, but also is associated with transcriptional activity. Some of the observations described in the present paper have been presented in a preliminary communication (Pike et al., 1975 
Animals
The experiments were performed on male Wistar rats (210±10g). Maintenance of the animals, treatment with cycloheximide, and removal of livers were carried out as described previously (Ch'ih et al., 1977) .
Isolation of subcellular components
Nuclei were isolated by the citric acid procedure as described by Taylor et al. (1973) . The minced liver was homogenized for 30-60s in 6-8vol. of 1.5% (w/v) citric acid with a Tekman Tissumizer at setting 7. The homogenate was passed through three layers of cheesecloth and centrifuged at 600g,nax. for 10min to pellet nuclei. The supernatant was aspirated and the nuclei were further cleaned by two cycles of homogenization, each in the original volume ofO.25 Msucrose/ 1.5% (w/v) citric acid for 20-30s as described above.
Ribonucleoprotein complexes were precipitated quantitatively with MgCl2 as described by Palmiter (1974) , except that the ribonucleoprotein complexes were collected by centrifuging through 12ml of 1 .0M-sucrose in 25 mM-Tris/HC1/25 mM-NaCl/5 mMMgCl2 buffer, pH7.5, in a Sorvall SS-34 rotor for 10min at 27000gma1.. The complexes prepared in this manner had an A260/A280 ratio of 1.74-1.85, an A260/A235 ratio of 1.40-1.61 and demonstrated normal polyribosomal profiles on centrifugation on continuous 0.5-1.5M-sucrose gradient as described by Palmiter (1974) .
Microsomal fractions, free and membrane-bound polyribosomes were isolated as described previously (Ch'ih et al., 1977) .
Isolation andseparation ofvarious cellular RNA species Nuclear RNA was extracted by the procedures described by Wagner et al. (1967) and Ro-Choi et al. (1970) by using phenol/sodium dodecyl sulphate containing 0.01 % 8-hydroxyquinoline at 550C. nRNA molecules were separated by the procedure ofDingman & Peacock (1968) , in 2 % polyacrylamide/ 0.5 % agarose slab gels by electrophoresis at pH8.3. Cytoplasmic RNA species were extracted from the ribonucleoprotein complexes by the phenol/chloroform method outlined by Palmiter (1974) . The isolated RNA species had an A260/A280 ratio of 2.06-2.17 and an A260/A230 ratio of 1.97-2.12. Poly(A)-containing mRNA was further purified by chromatography on oligo(dT)-cellulose with buffers of low ionic strength, by the method of Aviv & Leder (1972 whereas in set II these radioisotopes were injected in the opposite order. At the end of the labelling period the animals were killed and the livers in each set were pooled; nRNA was prepared and relative labelling rate was determined.
Analytical assays
Protein was determined by the method of Lowry et al. (1951) , with crystalline bovine serum albumin as the standard. RNA concentration was determined by the orcinol reaction as described by Ch'ih et al. (1977) .
Samples containing trichloroacetic acid-insoluble radioactivity were assayed as described by Devlin & Ch'ih (1972 Fig. 1 . An immediate 20% inhibition lasting 5-6h was followed by a period of stimulation.
The maximum stimulation, about 60 %, was observed by 12h and persisted for several hours. Polyacrylamide-gel electrophoresis was carried out to determine the effects ofcycloheximide administration on the rate of orotate labelling of rRNA precursors and subsequent processing of intermediates. Fig. 2 shows that, after 1 h of labelling, the radioactivity occurring in the ribosomal precursor region of the gel (28 S-45 S) represents a much larger proportion of the nRNA from cycloheximide-treated animals than it does for control rRNA. This was true in measurements with rRNA from both set I (results shown in Fig. 2 description). Nuclear rRNA therefore appears to be one class ofRNA whose rate ofsynthesis is stimulated by prior administration of cycloheximide in nonlethal doses, a result which is different from that with higher, lethal, doses (Muramatsu et al., 1970) . The rate of labelling of each nuclear rRNA precursor was next determined at three times selected to cover the range of maximal stimulation of orotate labelling of nRNA after cycloheximide administration. Gels from several samples were used to calculate the relative labelling rates shown in Table 2 . All four nuclear rRNA precursors analysed were stimulated by more than 60 % at all three times. Cycloheximide administration therefore appears to stimulate the rate of labelling of rRNA to a greater extent than that of most of the nRNA. The rRNA precursors, however, were not equally affected. For example, the rate of labelling of 32S nRNA is elevated 2.3-2.5-fold relative to the control, whereas 28 S nRNA labelling is elevated only 1.7-2.0-fold. At least two explanations are possible for this relative increase in 32S nRNA labelling. Either the conversion of 32S into 28 S nRNA may be slightly inhibited as the result of cycloheximide administration, or the normal maturation mechanism may not be adequate to process the increased amount of rRNA precursor resulting from stimulated synthesis of rRNA.
Effect of cycloheximide on the synthesis of polyribosomal RNA The distinct increases of [3H]orotate incorporation into both microsomal fraction (Table 1 ) and nuclear rRNA (Table 2 ) indicated the potential value of determining whether there would be differences in [3H] orotate incorporation into different species of RNA, such as polyribosomal RNA, poly(A)-lacking RNA and poly(A)-containing mRNA. RNA was extracted from ribonucleoprotein complexes and separated on an oligo(dT)-cellulose column. The specific radioactivities of these RNA species are presented in Table 3 . At 2h after cycloheximide administration, RNA isolated from the complexes were similar to those of the control, but incorporation into the poly(A)-lacking RNA, which contained most of the rRNA, was inhibited by 20%, and into the (Fig. 3) . Results obtained by using the dualradioisotope technique indicated that the maximum labelling of nRNA occurred at 20 and 40min and declined to almost the normal value by 180min, indicating a continued higher rate of synthesis, processing and removal from the nuclei; the labelling was carried out at 16h after cycloheximide administration, which is the time of maximum incorporation into nRNA. When cytoplasmic fractions were examined 24h after cycloheximide, the polyribosomal populations (free and membrane-bound) showed a slight decrease in [3H]orotate incorporation at 20min, then reached a maximum stimulation (3-fold) at 60min, and decreased to 2-fold stimulation at 180min. Labelling of the soluble fraction was stimulated by over 40% throughout the 180min labelling period. Thus the data further suggest that, during the stimulatory phase of protein synthesis, the newly synthesized mRNA and rRNA were transported into membrane-bound as well as into free polyribosomes.
poly(A)-containing mRNA fraction there was a marked stimulation (to 179 % of the control). By 24h incorporations into the ribonucleoprotein-complex RNA and poly(A)-lacking RNA were stimulated 2-fold, and that the poly(A)-containing mRNA was 146 % of control. Data in Table 3 indicate that with a non-lethal dose of cycloheximide the synthesis and processing of all RNA species were stimulated, implicating gene activation at the transcriptional level. Vol. 168 Effect of cycloheximide on the relative amount of poly(A)-containing mRNA
The lower degree of stimulation of poly(A)-containing mRNA synthesis observed 24h after cycloheximide treatment (Table 3 ) may reflect a dilution of the newly synthesized mRNA (labelled in 1 h) by the pre-existing mRNA accumulated throughout cycloheximide treatment (23 h). Therefore the relative amounts of these RNA species isolated from control, 2h-and 24h-cycloheximide-treated (1976) . However, fractions from the 2h-and 24h-cycloheximide-treated animal were obtained in yields of 2.4 and 2.7% respectively, which differ significantly from the control (Table 4) .
Discussion
The co-ordination of protein and RNA synthesis is necessary for normal growth and function of both prokaryotic and eukaryotic cells. The dependence of rRNA synthesis and processing on concomitant protein synthesis is well established (Ennis, 1966; Soeiro et al., 1968; Willems et al., 1969; Craig & Perry, 1970; Willis et al., 1974; Chesterton et al., 1975) . The coupling of protein synthesis with RNA synthesis (especially rRNA synthesis) has been studied in animal tissues in vivo, by using cycloheximide as an inhibitor of protein synthesis. It is difficult, however, to draw comparisons and conclusions with the variety of different experimental designs used, including lethal doses versus nonlethal doses of cycloheximide, short-and long-term observations, studies in vivo versus in vitro, and the extent and duration of inhibition of protein synthesis. When lethal doses of cycloheximide are used in the intact rat, many biochemical activities are altered, not only the protein-synthetic ability , but also ultrastructural changes (Daska et al., 1975) , alterations of blood parameters (Young et al., 1963) and other activities whose alteration leads to the demise of the animal (Young et al., 1963; Muramatsu et al., 1970) . The inhibition of extranucleolar and nucleoplasmic RNA synthesis observed with lethal doses of cycloheximide in a number of laboratories is apparently due to a metabolic disturbance other than inhibition of protein synthesis by the antibiotic (Muramatsu et al., 1970; Farber & Farmer, 1973) .
The increase of poly(A)-containing mRNA during the inhibitory as well as the stimulatory phases of protein synthesis may indeed be due to stimulated transcription, possibly accompanied by a decrease in degradation of the, RNA. A possible explanation would be that there is an extension of the half-life of liver mRNA because of cycloheximide treatment and that mRNA could have been dissociated from polyribosomes and could exist not in the free form but in the form of a ribonucleoprotein complex (J. J. Ch'ih & T. M. Devlin, unpublished work) . This complex may be a temporary, non-translatable, form of mRNA that is resistant to the attack of nuclease. As protein synthesis is resumed after the inhibitory period, the ribonucleoprotein complex could combine with existing ribosomes to form functional polyribosomes.
Accumulation of mRNA in the course of inhibition of protein synthesis in bacteria (Artman & Ennis, 1972; Ennis & Kievett, 1976) and in rat liver by ethionine (Endo et al., 1975) is known. Our present report further substantiates the notion that liver mRNA molecules accumulate during the period of inhibition of protein synthesis by cycloheximide and that cycloheximide does not prevent newly synthesized poly(A)-containing mRNA from entering polyribosomal fractions (Van Venrooij et al., 1975; Zlatopolskii, 1976) .
In contrast with cycloheximide at lethal doses, we believe that cycloheximide at non-lethal doses is a good tool for studying coupling between RNA and protein synthesis in vivo, because we have demonstrated that non-lethal doses (1) are sufficient to inhibit protein synthesis in vivo by 80-95% within 2-3 h (Farber & Farmer, 1973; Ch'ih & Devlin, 1974; Hwang et al., 1974; Rothblum et al., 1976) , (2) avoid severe metabolic and structural alterations, and the death of the organism (Hwang et al., 1974; Ch'ih 1977 
